2 dence of Landau acceleration was given by Ellingboe et al., 10 who observed the pulsed Ar + light excited by these electrons in synchronism with the RF phase. This diagnostic was insensitive to RF potential fluctuations even though it was used in the near-field of the antenna.
Linear Landau damping was too weak to explain the observed damping, and Ellingboe et al. 10, 17, 18 have attempted to explain the damping by a nonlinear trapping theory. However, the density of the fast electrons was not published. More quantitative measurements of phased fast electrons were made by Molvik et al. 11, 4 with a gridded energy analyzer; this will be discussed below.
Proving that Landau damping is essential to RF absorption and ionization in helicon discharges requires two separate conditions: 1) a large enough number of phased fast electrons exists to account for the most of the ionization, and 2) Landau damping accounts for most of the RF loading of the antenna. In this Letter, we disprove (1) with new experimental data, and (2) by interpreting old data in the light of new theory.
In contrast to all previous measurements of f (v) , which were time-averaged, Molvik et al. 11, 4 constructed a gridded analyzer with sufficient frequency response to resolve the RF phase to within 15° and measured the current of electrons with enough energy to overcome the sheath drop of ≈ 15eV at the grounded first grid. This current was found to be modulated at the RF frequency, occurring during 1/3 of the RF cycle, and was interpreted as evidence of Landau acceleration. However, oscillations in plasma potential V s could also lead to a modulated analyzer current; thus, this diagnostic suffers from the same deficiency as a non-compensated Langmuir probe. The authors give qualitative arguments that the V s oscillations were unimportant, but no data were shown. Furthermore, the modulated current was found to have a sharp peak as the DC field B 0 was varied, a feature not reflected in the plasma density. The fraction of electrons in the 15-25 eV range in a 3-eV plasma at 1 × 10 12 cm -3 density was given as 5 × 10 -5
. Since the ratio of ionization probability at KT e = 20 eV is only ≈ 20 times that at 3 eV, it is clear that the measured fast component does not contribute significantly to the total ionization.
An experiment was performed to account for V s fluctuations, which can not only modulate the analyzer current, but also couple capacitively to the measuring device. The discharge ( Fig. 1a ) was operated in a 10 cm diam pyrex tube 108 cm long at ≈ 400G in ≤ 2 mTorr of argon, driven by a 20 cm long Nagoya Type III antenna at 13.56 MHz with P rf ≤ 2 kW. These conditions were above the threshold for helicon excitation, as verified by wave 3 phase measurements with a magnetic probe. After careful optimization, an energy analyzer with only two electrodes (Fig. 1b) was chosen. The absence of a grounded front grid reduces the large DC sheath drop and allows probing further into the bulk electron distribution, and no suppressor is necessary when collecting electrons. The 1.27 cm diam front grid (tungsten, 2000 lpi, 40% transparency) is the discriminator, henceforth called "grid"; and the tantalum plate ("collector") 3mm behind it is biased at +300V to collect all electrons reaching it. The 2.54-cm housing is grounded, and the two electrodes are RF bypassed to ground to avoid coupling to oscillations in sheath capacitance. The electrodes are connected to a 1 Gsa/s, 250
MHz digital oscilloscope via cables whose lengths and grounding scheme were chosen to minimize pickup and maximize frequency response. To calibrate the latter, an electron gun part. After removing the digital noise, these curves are plotted logarithmically in Fig. 3b with one curve shifted horizontally to get both on the same graph. It is seen that f(v) fits pure
Maxwellians of 3 and 3.35 eV over about 2 ½ orders of magnitude. The leveling off at low I c indicates the detection limit; that at high I c is due to depletion of Maxwellian electrons along the field lines intersecting the analyzer. Note that the phase is relative to the global fluctua-4 tion in plasma potential, not to the phase of the wave. Different wave phases can be sampled by moving the analyzer axially. No high energy tail was detected at any phase.
Even if a population of 50-eV electrons existed at the detection limit, its density would be only about 1/10 3 √50/3 = 2.4 × 10 -4 of the bulk density, an upper limit consistent with the estimate of Molvik et al. 11 . Though <σv ion > is 413 times larger at 50 eV than at 3 eV, the fast electrons would produce only 10% of the ionization. Thus, there are too few Landau electrons (if any) to account for the major part of the ionization.
The fact that Landau electrons are not needed for producing the observed densities was shown by Sudit and Chen 23 . By measuring n(z) and KT e (z) in a long discharge and integrating over z to obtain the total rate of ionization by thermal electrons, they found that this exceeded the loss rate by an order of magnitude. To obtain agreement, they had to assume that the neutral gas was depleted during the discharge pulse. This effect has since been confirmed by direct measurement by Gilland et al. 24 Thus, ionization by a purely Maxwellian distribution is more than enough to account for the observed densities.
Collisional damping of helicon waves is too weak to account for the resistive loading of the antenna 1,5 , and we have no evidence of strong Landau damping. Fortunately, Shamrai 25 has suggested another mechanism: mode coupling to Trivelpiece-Gould (TG) waves at the radial boundary. Being nearly electrostatic and of short radial wavelength, these waves are strongly absorbed as they propagate inward. Helicon waves deposit their energy into the plasma by coupling their energy to TG waves, which are then rapidly absorbed. Landau damping is not needed to explain the magnitude of the plasma loading. It appears that both antenna loading and plasma ionization can be explained quantitatively with classical, collisional theory, in agreement with our negative result on fast electrons. We have shown that linear Landau damping in the downstream region plays a negligible role in helicon discharges, at least at densities above, say, 5 × 10 12 cm -3 , at which the efficiency of helicon discharges is problematical. Fast electrons detected by others, we believe, are incidental artifacts unrelated to the primary helicon ionization mechanism. We cannot, however, rule out the existence of nonlinear kinetic effects under and near the antenna at low densities, as advocated by Ellingboe et al. 10, 17, 18 . Indeed, fast electrons oscillating in standing waves under the antenna or injected into the plasma just past the antenna are subject to a beam-plasma instability and could be thermalized rapidly 28 . Data from the present experiment supports this possibility. is almost certainly incorrect and should now be discarded.
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4. Plasma loading resistance as measured (points) and computed (curve) in a 2.5-cm radius discharge, 800G, 1.8kW at 27.12 MHz, 20 mTorr argon fill, 3 × 10 13 cm -3 peak density, bifilar m = +1, 10-cm long, half helical antenna. The theory includes the m = +1 mode only and assumes a plasma-on pressure of 5 mTorr.
5. Analyzer I-V curves in a beam-produced plasma. Inset: unstable oscillations. 
